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A  simple  and  scalable  method  is  reported  for  fabricating  a  porosity-controlled  carbon  nanofibers  with  a 
skin-core  texture  by  electrospinning  a  selected  blend  of  polymer  solutions.  Simple  thermal  treatment  of 
the  electrospun  nanofibers  from  solution  blends  of  various  compositions  creates  suitable  ultramicropores 
on  the  surface  of  carbon  nanofibers  that  can  accommodate  many  ions,  removing  the  need  for  an  activation 
step.  The  intrinsic  properties  of  the  electrode  (e.g.,  nanometre-size  diameter,  high  specific  surface  area, 
narrow  pore  size  distribution,  tuneable  porosity,  shallow  pore  depth,  and  good  ionic  accessibility)  enable 
construction  of  supercapacitors  with  large  specific  capacitance  (130.7  Fg-1 ),  high  power  (100  kWkg-1 ), 
and  energy  density  ( 1 5.0  Wh  kg-1 ). 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  their  high  power  density  and  long  life-time,  electro¬ 
chemical  capacitors  are  promising  power  sources  for  portable 
electronic  systems  and  automotive  applications  [1-3].  To  improve 
the  performance  of  these  capacitors,  several  approaches  have  been 
investigated  (e.g.,  controlling  the  pore  size  distribution,  introducing 
electroactive  metallic  particles  or  electron  conducting  polymers, 
and  fabricating  hybrid-type  cells)  [4-6].  Among  the  many  types 
of  active  materials,  carbon  nanofibers  (CNFs)  are  of  great  practical 
importance  due  to  their  flexibility  and  high  aspect  ratio  (above  1 06 ). 
Moreover,  to  improve  the  energy  density  and  ion  transport  within 
electrode  materials,  thin  films  consisting  of  carbon  nanotubes  and 
CNFs  have  been  suggested  as  promising  flexible  electrodes  for 
supercapacitors  [7-9].  In  this  work,  we  investigated  this  approach 
for  improving  energy  storage  efficiency  by  narrow  distribution  of 
pore  sizes,  which  can  enhance  the  ionic  accessibility  into  the  pores 
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polyacrylonitrile  (PAN)/pitch-based  CNFs  having  a  skin-core  struc¬ 
ture.  Further,  the  size  of  pores  formed  in  the  surface  of  the  fiber  can 
be  controlled  to  an  appropriate  degree. 

2.  Experimental 

2.1.  Fabrication 

The  pitch  provided  through  condensation  of  the  pyrolized  fuel 
oil  (PFO)  with  CI2  by  Hanwha  Chemical  Co.,  Korea.  The  PFO  used  as 
the  raw  material  is  a  heavy  residual  oil  as  by-product  from  naph¬ 
tha  cracking.  The  properties  of  the  pitch  used  are  summarized  in 
Table  1.  The  concentration  of  pitch  in  THF  was  varied  between  50 
and  20  wt.%.  A  solution  of  PAN  in  DMF  was  added  to  pitch  in  THF 
solution  to  achieve  a  PAN/pitch  weight  ratio  of  7/3  wt.%.  To  produce 
a  web,  a  voltage  of  20  kV  was  applied  to  the  positively  charged  capil¬ 
lary,  and  a  tip-to-collector  distance  of  25  cm  was  maintained  during 
the  electrospinning  process.  The  nanofibers  were  stabilized  in  air 
and  carbonized  at  1000°C  in  a  horizontal  furnace  under  a  flow  of 
nitrogen. 

2.2.  Characterization 

The  CNFs  were  characterized  by  SEM  (Hitachi,  S-4700, 
Japan),  TEM  (using  JEOL  JEM-2010  FEF),  and  nitrogen 
adsorption-desorption  isotherms  (ASAP2010,  Micromeritics 
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Fig.  1.  (a)  PAN-pitch-solvent  ternary  phase  diagram,  (b)  Photograph  showing  a  bendable  CNFs.  (c)  SEM  image  of  CNFs.  (d)  TEM  image  of  CNFs.  (e)  EDX  spectroscopy  of 
air-stabilized  nanofibers,  (f)  TEM  of  a  CNFs  thermally  treated  up  to  2800  °C  in  argon. 


Instruments  Co.).  The  full  range  of  pore  sizes  over  a  continuous 
scale  was  confirmed  through  density  functional  theory  calcula¬ 
tions  (DFT  PLUS  for  Windows).  The  microdomain  structures  of 
CNFs  were  confirmed  by  scanning  tunneling  microscopy  (STM). 
STM  images  were  acquired  in  a  constant  current  mode  with  the 
current  range  of  0.2-1  nA,  a  bias  voltage  in  the  range  of  0.1-1.0V, 
and  scan  frequencies  of  l-2FIz  using  the  Nanoscope  III  (Digital 
Instrument,  CA).  The  electrical  resistivity  of  an  individual  carbon 
nanofiber  was  measured  according  to  the  following  procedure. 
After  spin-coating  a  nanofiber  suspension  onto  Si02  electrodes, 
the  electrode  patterns  were  formed  by  depositing  Ti02  on  a  carbon 
nanofiber  via  focused-ion-beam  lithography  (SMI2059,  SII,  Japan) 
to  exclude  the  contact  resistance  between  the  carbon  fiber  and  the 
electrode.  The  intrinsic  resistivity  was  determined  from  the  linear 
current-voltage  relationship  at  -1  to  1 V  (Advantest,  TR-6143). 

2.3.  Electrochemical  tests 

Supercapacitor  cells  were  built  by  assembling  two  2.25  cm2 
electrodes  separated  by  polypropylene  separators  (Cellgard  3501). 
The  thickness  of  electrode  is  0.08-1.00  mm.  A  nickel  plate  was 
attached  to  each  side  to  collect  the  current  on  the  surface  of  the 
electrode.  The  electrode  consisted  of  a  self-sustained  porous  CNF 
web  and  was  constructed  without  using  any  binding  or  conduc¬ 
tive  materials.  The  electrode  performance  was  measured  in  6M 


Table  1 

Average  molecular  weight  of  the  pitches  determined  by  GPC. 


Mw  b 

Mnc 

PDI  (Mw/Mn)d 

Pitch9 

2380 

1982 

1.20 

a  THF  soluble  fraction. 
b  Mw,  weight-average  molecular  weight. 
c  Mn,  number-average  molecular  weight. 
d  PDI,  polydispersity  index. 


aqueous  KOH  at  room  temperature.  Cyclic  voltammetry  (CV)  of  the 
unit  cell  was  performed  at  potentials  of  0-1 .0  V  by  varying  the  scan 
rate  from  1 0  to  1 00  mV  s_1 .  Eq.  ( 1 )  was  used  to  calculate  the  capac¬ 
itance  of  the  two-electrode  system  from  the  charge-discharge 
curves.  The  cell  capacitance  was  calculated  from  the  slope  of  the 
discharge  based  on  Eq.  (1 ); 


where  C  is  the  capacitance  of  the  cell  in  farads  (F),  i  is  the  discharge 
current  in  amperes  (A),  At  is  the  discharging  time  from  0.6  to  0.5  V 
(approximately  60-50%  of  the  initial  voltage),  AV  is  the  voltage 
variation  in  the  time  range  measured,  and  the  slope  in  volts  per 
second  (V  s-1 ).  In  a  symmetrical  system,  the  specific  capacitance 


Fig.  2.  The  current-voltage  profiles  of  single  carbon  nanofibers  in  the  range  from 
-1.0  to  1.0  V. 
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Table  2 

Pore  characteristics  and  electrical  conductivity  of  PAN/pitch  based  CNFs. 


I.D. 

Pore  property 

Electrical  conductivity 

Specific  surface 
area  (m2  g_1) 

Pore  volume 
(cm3  g-1) 

Average 
pore (A) 

Individual  fiber 
resistance  (k£2) 

Individual  fiber 
conductivity  (S  cm-1 ) 

PAN/pitch  =  7/3  ( PC  =  20)a 

966.3 

0.3788 

15.73 

931 

3.96 

PAN/pitch  =  7/3  ( PC  =  30)a 

887.2 

0.3483 

15.70 

926 

4.28 

PAN/pitch  =  7/3  (PC  =  40)a 

820.3 

0.3550 

15.78 

748 

2.09 

PAN/pitch  =  7/3  (PC  =  50)a 

692.9 

0.2714 

15.67 

626 

1.72 

PAN 

502.5 

0.1654 

16.99 

845 

1.29 

a  The  pitch  concentration  in  THF. 


Cm  in  farads  per  gram  of  sample  (Fg_1)  is  related  to  the  specific 
capacitance  of  the  cell,  C,  in  terms  of  Eq.  (2); 


where  m  is  the  weight  (g)  per  electrode  of  samples. 

The  energy  density  was  measured  as  a  function  of  con¬ 
stant  power  discharge  in  the  range  of  400-100,000  W  kg-1.  The 
ac  impedance  of  the  unit  cell  was  measured  at  frequencies  of 
10  mHz- 100  kHz  using  an  electrochemical  impedance  analyzer 
(Jahner  Electrik  IM6,  Germany).  The  ac  impedance  of  the  unit  cell 
was  measured  at  frequencies  of  10  mHz- 100  kHz  using  an  electro¬ 
chemical  impedance  analyzer. 

3.  Results  and  discussion 

The  PAN-pitch-solvent  ternary  phase  diagram  is  presented  in 
Fig.  la.  Phase  A  indicates  the  homogeneous  solution,  phase  B 
denotes  the  biphasic  solution  whereas  phase  C  indicates  the  mix¬ 
ture  of  solid  solute  and  solvent.  The  shaded  region  in  phase  B 
denotes  high  spinnability,  which  is  suitable  for  the  formation  of 
homogeneous  nanofibers.  Using  a  solution  containing  30%  of  pitch, 
a  bendable  web  (Fig.  lb)  having  an  average  diameter  of  150nm 
without  any  beads  was  produced  (Fig.  lc).  Noticeably,  TEM  image 
(Fig.  Id)  shows  that  an  individual  CNF  exhibits  two-phase  separa¬ 
tion.  Due  to  the  noticeable  difference  in  the  molecular  weight,  the 
surface  tension,  and  boiling  point  of  DMF  and  THF,  it  is  expected 
that  the  lighter  phase  would  be  pushed  to  the  outer  of  fiber  sur¬ 
face  in  the  processes  of  solvent  evaporation  during  electrospinning 
and  heat-treatment  [10].  Because  of  the  substantial  differences  in 
the  basic  features  of  the  two  constituent  polymers  in  solution,  the 


low  molecular  weight  pitch  was  preferentially  located  in  the  shell 
[11].  As  a  result  of  observing  two  phases  using  EDX,  the  presence 
of  nitrogen  and  oxygen  was  confirmed  in  the  core  and  only  carbon 
was  confirmed  in  the  skin  of  the  air-stabilized  fibers  in  Fig.  le.  This 
stabilized  fiber  was  obtained  by  diffusing  oxygen  from  the  air  into 
the  fiber  so  that  oxygen  was  condensed  with  the  heterogeneous 
element  to  cyclize  PAN  or  form  a  network  with  nitrogen  atoms, 
resulting  in  a  flame-resistant  material.  The  absence  of  nitrogen  and 
oxygen  atoms  in  the  shell  can  be  explained  by  the  nature  of  pitch 
and  the  dehydration  reaction  of  the  diffused  and  adsorbed  oxygen 
atoms.  In  order  to  observe  the  phase  dispersion  clearly,  CNFs  pre¬ 
pared  at  a  temperature  of  1000  °C  in  argon  were  thermally  treated 
up  to  2800 °C  using  a  graphite  furnace.  As  shown  in  Fig.  If,  two 
phases  and  well-developed  crystalline  layers  in  the  skin  of  the  fiber 
were  observed. 

To  characterize  the  pore  structures  of  CNFs,  the  pitch  concen¬ 
tration  in  THF  was  varied  from  20  to  50wt.%.  As  summarized  in 
Table  2,  the  specific  surface  area,  pore  volume,  and  average  pore  size 
proportional  increased  with  decreasing  the  pitch  concentration, 
because  THF  has  a  lower  boiling  point  than  DMF  and  evaporates 
more  readily  at  lower  temperatures.  We  measured  the  electrical 
resistivity  of  an  individual  CNF  (the  electrical  resistivity  in  the  bulk 
state  was  determined  from  the  contact  resistivity  between  the 
fibers  and  the  intrinsic  resistivity  of  individual  fibers).  All  of  the 
samples  exhibited  ohmic  behavior,  and  the  electrical  resistivity  of 
an  individual  CNF  was  between  600  and  1000k£2  at  room  tem¬ 
perature,  as  shown  in  Fig.  2.  The  electrical  conductivity  (1/or)  of  the 
individual  CNF,  which  was  calculated  using  the  equation  (1  /cr  =  l/RA, 
where  R  is  the  electrical  resistance  in  £2,  A  is  the  cross-sectional  area 
in  cm2,  and  l  is  the  distance  between  electrodes  in  cm),  displayed 
enhanced  electrical  conductivity  from  1.29  to  4.28  S  cm-1.  As  the 


Relative  pressure  (P/P0) 


0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  2.0 

Pore  width  (nm) 


Fig.  3.  (a)  Nitrogen  adsorption  isotherms  of  the  pure  PAN-  and  the  PAN/pitch-derived  CNFs  as  a  function  of  pitch  concentration  in  THF  and  (b)  pore  size  distribution  calculated 
by  the  DFT  method.  Note  that  the  blend  ratio  of  PAN/pitch  is  constant  at  7/3. 
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Avg.  Diameter 
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Avg.  Diameter 
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10  nm 


Avg.  Diameter 
~  7.72nm 


10  nm 


Avg.  Diameter 
~  9.18  nm 


10  nm 


Fig.  4.  STM 

CNFs  (a)  20, 


images  of  PAN/pitch-derived  CNFs  (a)  20,  (b)  30,  (c)  40  wt.%  pitch  concentration,  and  (d)  PAN-based  CNF;  high  magnified  STM  images  of  (a-d)  PAN/pitch-derived 
(b)  30,  (c)  40,  (d)  50  wt.%  pitch  concentration  in  THF. 


amount  of  pitch  increased,  individual  CNFs  displayed  enhanced 
electrical  conductivity  due  to  an  increase  in  the  degree  of  crys¬ 
tallinity  of  the  pitch  domain. 

Surface  area  and  pore  size  distribution  of  CNFs  were  char¬ 
acterized  by  nitrogen  gas  adsorption.  The  pore  volumes  in 


PAN/pitch-derived  CNFs  were  mostly  filled  below  P/P0  ~0.1,  indi¬ 
cating  high  microporosity  (Fig.  3a).  PAN-derived  CNFs  show  type 
I  isotherm  (Fig.  3a)  with  high  nitrogen  uptakes  at  relatively  low 
pressures  characteristic  of  micropores  with  small  amount  of  type  IV 
mesopores  behavior.  The  hysteresis  loops  obtained  for  PAN-derived 
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Fig.  5.  (a)  CVs  in  the  range  of  0-1.0  V  obtained  using  a  scan  rate  of  25  mV  s-1.  (b)  Complex-plane  impedance  plots,  (c)  Specific  capacitances  as  a  function  of  current  density, 
(d)  Ragone  plots.  (Note  that  value  indicates  the  pitch  concentration  dissolved  in  THF.) 


CNFs  are  typically  attributed  to  narrow  slit  shaped  pores  includ¬ 
ing  pores  in  the  micropore  region  [12].  The  pore  size  distributions 
of  PAN/pitch-derived  CNFs  from  DFT  calculations  exhibited  nar¬ 
row  ultramicropores  of  less  than  0.6  nm  in  Fig.  3b.  In  comparison, 
PAN-derived  CNFs  showed  a  broader  distribution  of  micropore  size 
with  an  average  value  of  1 .4  nm.  Therefore,  PAN/pitch-derived  CNFs 
are  theoretically  more  suitable  as  electrode  materials  in  an  aque¬ 
ous  medium,  because  the  ultramicropores  in  the  carbon  structure 
match  well  with  the  size  of  solvated  ions  (less  than  1.0  nm)  [13]. 

STM  provides  information  on  the  domain  size  and  micro¬ 
structure  of  the  domains  of  CNFs.  As  the  pitch  concentration 
increased,  the  shape  of  the  surface  changed  from  small  particle¬ 
like  to  flat  plate-like  to  large  particle-like  (Fig.  4a-d).  The  domain 
size  of  the  CNFs  derived  from  PAN/pitch  increased  with  increasing 
the  pitch  concentration  (Fig.  4e-h).  Naturally,  the  larger  domain 
size  resulted  in  larger  pores  with  smaller  specific  surface  areas.  The 
domain  structures  observed  by  STM  were  in  agreement  with  the 
BET  surface  areas  and  pore  size  distributions.  Therefore  PAN/pitch- 
derived  CNFs  can  be  applied  as  efficient  electrode  materials  for 
high-power  supercapacitors  because  they  have  large  accessible 
surface  areas  and  relatively  high  electrical  conductivities. 

The  resulting  PAN/pitch-derived  CNF  web  was  cut  into  a  rect¬ 
angular  shape  (1.5  cm  x  1.5  cm)  and  then  attached  to  nickel  plates 
to  evaluate  its  capacitance  based  on  a  two-electrode  system. 
The  electrochemical  properties  of  PAN/pitch-derived  CNF  webs 
were  studied  by  CV  in  a  6M  KOH  aqueous  electrolyte  solution. 
The  data  demonstrate  that  the  electrodes  are  stable  within  the 
potential  range  (0-1. 0  V)  employed,  and  CV  curves  exhibit  a  good 


rectangular  shape,  representing  energy  storage  by  an  electrical 
double  layer  mechanism  in  Fig.  5a.  The  capacitance  decreased  in 
proportion  to  the  pitch  concentration  in  THF,  a  pattern  which  is 
consistent  with  the  specific  surface  area  results.  The  electrochem¬ 
ical  behavior  of  the  electrodes  could  be  more  clearly  understood 
by  the  impedance  measurements.  At  high  frequencies,  small  arcs 
were  observed  (see  inset  in  Fig.  5b),  indicating  that  the  charge- 
transfer  resistance  between  the  electrode  and  the  electrolyte  was 
small;  thus,  the  pore  size  of  the  carbon  material  was  well-matched 
to  the  size  of  the  electrolyte.  Furthermore,  the  steep  linear  slopes 
at  low  frequencies  indicated  that  the  kinetics  of  ion  diffusion  in 
solution  and  the  adsorption  of  ions  onto  the  electrode  surface  were 
rapid.  The  ideal  capacitance  will  give  rise  to  a  straight  line  along 
the  imaginary  axis  at  lower  frequency.  With  decreasing  the  pitch 
concentration  in  THF,  the  pore  density  increased,  which  is  why  the 
capacitive  behavior  appeared  at  a  lower  resistance.  Fig.  5c  shows 
the  change  in  the  specific  capacitance  with  increasing  pitch  con¬ 
centration  in  as  a  function  of  the  discharge  current  density  ranging 
from  1  to  20  mA cm-2.  The  specific  capacitance  decreased  gradu¬ 
ally  with  increasing  discharge  current  density,  indicating  that  the 
PAN/pitch-derived  CNFs  allowed  rapid  ion  diffusion.  We  observed 
high  specific  capacitance  (130.7  Fg-1)  from  the  PAN/pitch  (20wt.% 
pitch  concentration  in  THF)-derived  CNF  electrodes,  which  value 
is  exactly  twice  as  large  as  that  of  the  PAN-based  CNF  electrodes. 
We  conjecture  that  the  pore  size  in  PAN-derived  CNFs,  centered 
at  1.4  nm,  was  too  large  to  accommodate  the  solvated  ions  effec¬ 
tively.  The  optimal  match  between  pore  size  and  the  dimensions 
of  the  electrolyte  allowed  the  PAN/pitch-derived  CNFs  electrode  to 
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achieve  high  capacitance.  Such  a  situation  gives  rise  to  enhanced 
capacitance,  owing  to  the  multiple  interactions  of  the  solvated  ions 
with  the  pore  of  the  carbon  nanofiber  [14].  In  addition,  according 
to  the  Ragone  plot  (Fig.  5d),  both  the  fibrous  morphology  and  the 
optimized  pore  sizes  allow  the  PAN/pitch-derived  CNF  electrode 
to  achieve  both  high  energy  density  (ca.  15.0Whkg-1)  and  high 
power  density  (ca.  lOOkWkg-1)  simultaneously.  The  Ragone  plot 
also  shows  that  a  high  power  density  can  be  obtained  without  sig¬ 
nificant  degradation  in  the  energy  density.  The  high  power  stability 
with  PAN/pitch-derived  CNFs  is  ascribed  to  their  conductivity  and 
to  their  structural/textural  advantage. 

4.  Conclusion 

We  fabricate  porous  and  small-sized  fibrous  carbon  electrodes, 
in  the  form  of  a  thin  web,  by  electrospinning  two  immiscible  poly¬ 
mer  blends  (PAN  and  pitch)  followed  by  thermal  treatment  at 
1000°C  in  nitrogen.  More  specifically,  the  optimized  selection  of 
PAN/pitch  blend  allows  us  to  synthesize  CNFs,  which  exhibit  a 
skin-core  morphology.  Simple  thermal  treatment  of  PAN/pitch- 
derived  nanofibers  creates  suitable  ultramicropores  on  the  surface 
of  CNFs  that  can  accommodate  many  ions,  removing  the  need  for 
a  time-consuming  activation  step.  The  pore  sizes  of  the  carbonized 
fiber  can  be  selectively  determined  by  the  solution  composi¬ 
tions,  which  will  determine  the  phase  behaviors  depending  on 
the  concentrations  of  PAN/pitch  in  the  solvent  and  the  interaction 
parameters  among  them.  These  thin,  flexible,  and  electrically  con¬ 
ductive  black  webs,  consisting  of  physically  entangle  long  CNFs, 
enable  us  to  fabricate  highly  pure  and  self-sustained  electrodes 
without  using  binding  or  conductive  materials.  These  electrodes 
can  potentially  be  used  in  the  fabrication  of  soft,  portable  elec¬ 
tronic  equipment,  such  as  roll-up  displays  and  wearable  devices. 


Additionally,  with  their  optimized  micropores  and  large  external 
surface  area,  PAN/pitch-derived  porous  CNF  webs  can  store  and 
deliver  a  large  amount  of  ions  at  a  high  rate. 
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